The electrogenic sodium bicarbonate cotransporter (NBCe1) is expressed in many epithelial cells and, in the brain, in glial cells. Little is known about the physiological significance of the NBCe1 for proton homeostasis and for other acid/base-coupled transporters in these cells. We have measured the voltage-dependent transport activity of a NBC from human kidney, type hkNBCe1, expressed in oocytes of the frog Xenopus laevis, by recording membrane current, and the changes of intracellular pH and sodium at different membrane potentials between -20 and -100 mV. The apparent intracellular buffer capacity was increased and became dependent on membrane voltage, when the NBCe1 was expressed; the measured buffer capacity increased by up to 7 mM/10 mV membrane depolarization. Lactate transport by the electroneutral monocarboxylate transporter (MCT1) became enhanced and dependent on membrane potential, when MCT1 was co-expressed with NBCe1 in oocytes. Our results indicate that the electrogenic NBCe1 renders the cell membrane potential an effective regulator of intracellular H + buffering and acid/base-coupled metabolite transport.
Summary
The electrogenic sodium bicarbonate cotransporter (NBCe1) is expressed in many epithelial cells and, in the brain, in glial cells. Little is known about the physiological significance of the NBCe1 for proton homeostasis and for other acid/base-coupled transporters in these cells. We have measured the voltage-dependent transport activity of a NBC from human kidney, type hkNBCe1, expressed in oocytes of the frog Xenopus laevis, by recording membrane current, and the changes of intracellular pH and sodium at different membrane potentials between -20
and -100 mV. The apparent intracellular buffer capacity was increased and became dependent on membrane voltage, when the NBCe1 was expressed; the measured buffer capacity increased by up to 7 mM/10 mV membrane depolarization. Lactate transport by the NaCl, 58.5; KCl, 2.5; CaCl 2 , 1; MgCl 2 , 1; Na 2 HPO 4 , 1; NaHCO 3 , 24, gassed with 5% CO 2 (pH 7.4) and HEPES, 5, to stabilize the pH. Experiments with MCT1-expressing oocytes were done in saline buffered to 7.0, containing 72.5 mM NaCl and 10 mM NaHCO 3 . Lactate (3 mM and 10 mM) was added as Na-L-lactate and exchanged for equimolar amounts of NaCl. In Na + -free saline, NaCl was exchanged by N-methyl-D-glucamine (NMDG) and titrated with HCl to pH 7.0; lactate was added to Na + -free salines as free acid.
Oocytes of the stages V and VI were selected and injected either with 14 ng of NBCe1-cRNA, 13 ng of MCT1-cRNA, or with 7 ng of MCT1-and 14 ng of NBCe1-cRNA using glass micropipettes and a microinjection device (Nanoliter 2000, World Precision with the expression of NBCe1.) Control oocytes were injected with an equivalent volume of DEPC-H 2 O.
Intracellular pH and Na + measurements
For measurement of intracellular pH (pH i ) and membrane potential double-, and for intracellular Na + (Na + i ) single-barrelled microelectrodes were used; the manufacture and application have been described in detail previously (10) . Briefly, for double-barrelled microelectrodes two borosilicate glass capillaries of 1.0 and 1.5 mm in diameter were twisted together and pulled to a micropipette. The ion-selective barrel was silanized with a drop of 5% tri-N-butylchlorsilane in 99.9% pure carbon tetrachloride, backfilled into the tip. The micropipette was baked for 4.5 min at 450 °C on a hot plate. H + -sensitive cocktail (Fluka 95291, Fluka, Buchs, Switzerland) was backfilled into the tip of the silanized ion-selective barrel and filled up with 0.1 M Na-citrate, pH 6.0. The reference barrel was filled with 3 M KCl. To increase the opening of the electrode-tip, it was bevelled with a jet stream of aluminium powder suspended in H 2 O. Calibration of the electrodes was carried out in oocyte salines with a pH of 7.0 and 6.4. The recording arrangement was the same as described previously (10;11) . The central and the reference barrel of the electrodes were connected by chlorided silver wires to the headstages of an electrometer amplifier. Electrodes were accepted for use in the experiments, when their response exceeded 50 mV per unit change in pH; on average, they responded with 54 mV for unit change in pH. In the experimental Voltage-dependent H + buffering chamber they responded faster to a change in saline pH than the fastest reaction expected to occur in the oocyte cytosol.
For single-barrelled Na + -sensitive microelectrodes, a 1.5 mm borosilicate glass capillary was silanized as described above and backfilled with Na + -sensitive cocktail, made of 10 wt% sodium ionophore VI (Fluka 71739), 89.5 wt% 2-nitrophenylether (o-NPOE) and 0.5 wt% sodium-tetraphenylborate. The pipette was filled up with 100 mM NaCl+10 mM MOPS buffer, pH 7.0. Calibration of the electrodes was carried out in oocyte saline with Na + concentration of 5, 10 15 and 84.5 mM; on average, the electrodes responded with 52 mV and 50 mV for a tenfold change in the Na + concentration with NMDG or K + as Na + substitutes, respectively.
As described previously (12) optimal pH changes were detected when the electrode was located near the inner surface of the plasma membrane. This was achieved by carefully rotating the oocyte with the impaled electrode. All experiments were carried out at room temperature (22-25 o C). Only oocytes with a membrane potential negative to -30 mV were used for experiments.
Buffering power and proton fluxes
The measurements of pH i were stored digitally using homemade PC software (13) 
Results

Transport activity of the NBCe1
We determined the transport activity of the NBCe1 expressed in Xenopus oocytes by simultaneously measuring the membrane current, the intracellular sodium activity, Na + i , and the intracellular proton activity, H + i of voltage-clamped oocytes ( Fig. 1 A) . When a HEPESbuffered saline was replaced by a saline containing 5% CO 2 /24 mM HCO 3 -at a constant pH of 7.4, an outward current was activated, which slowly declined, the Na + i and the H + i increased. The rate and extent of these changes were dependent on the membrane potential.
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At more depolarized potential (at -20 mV), the current and the amplitude and rate of Na + i change were enhanced, while the amplitude and rate of H + i change were reduced, as compared to more negative membrane potentials (-60 mV, -100 mV). In contrast, H 2 Oinjected control oocytes acidified similarly at all membrane potentials ( Fig. 1 B) , and neither current nor Na + i changes were observed in these control oocytes (not shown). The changes in membrane current and Na + i were taken to be due to NBCe1 transport activity, challenged by the intracellular acidification following diffusion of CO 2 into the oocytes: The outward current and the rise in Na + i , indicate inwardly directed NBCe1, the co-transported HCO 3 -counteracting the CO 2 -induced acidification. Consistent with the electrogenic nature of the NBCe1 (stoichiometry 1 Na + : 2 HCO 3 -; 3), the inwardly directed transport was larger at more positive potentials, and smaller, as the membrane potential was held at more negative values.
The relationships between the measured parameters and the membrane potential are shown in The rise in Na + i following the addition of CO 2 increased from 3.1 ±0.3 mM at -100 mV to 5.0 ±0.7 mM at -20 mV (Fig. 2 C) , and the rate of Na + i rise increased from 0.43 ±0.07 mM/min at -100 mV to 0.63 ±0.09 mM/min at -20 mV (n=10; Fig. 2 D) . While the values for the rise in Na + i at -40 mV and -80 mV were significantly different (p<0.05), the values for the rate of Na + i rise were not significantly different at these potentials, respectively.
The membrane current challenged by CO 2 was highly voltage-dependent; it increased from 278 ±22 nA at -100 mV to 547 ±49 nA at -20 mV, and was significantly different at -40 mV and -80 mV (p<0.001; n=11; Fig. 2 E) . Consistent with electrogenic NBCe1 activity, the membrane current and the Na + i rise increased, and the rise in H + i and the rate of H + i rise decreased, with membrane depolarisation. Taken the values for membrane current, and the rate of H + i changes, the activity of the NBCe1 increased by a factor of 2 and 1.9 between -100 and -20 mV, respectively. From the intracellular pH and HCO 3 -changes induced by CO 2 (see Fig. 1 ), the intrinsic and CO 2 -dependent buffer capacity was calculated and summed up to the total buffer capacity (ß T , see Methods). The plot of ß T against the membrane potential for NBCe1-expressing oocytes showed a marked voltage dependence; ß T increased from 63 ±6 mM to 119 ±14 mM, when the membrane potential changed from -100 mV to -20 mV (n=11; Fig. 3 that the NBCe1 renders the buffer capacity voltage-dependent, and adds 7 mM apparent buffer capacity for a 10 mV membrane depolarization. The total buffer capacity of NBCe1-expressing oocytes displayed a similar voltage dependence as the CO 2 -induced membrane current and Na + i rise, which are indicative for NBCe1 activity; the slope being 0.59 for the buffer capacity, 0.56 for the current, and 0.60 for the change in Na + i (Fig. 3 B) . NBCe1, Na + and HCO 3 - (Fig. 4 A) . Lactate, as a substrate for MCT1, was applied in two concentrations (3 and 10 mM; the K m of MCT1 in oocytes had been determined to be 3-5 mM; (12)) in saline buffered to 7.0 with either HEPES or 5% CO 2 /10 mM HCO 3 -(the lower pH value of the saline was chosen to ensure prominent MCT1 activity, which depends on external H + as co-substrate). The intracellular acidifications during lactate application, indicative for the activity of MCT1, were neither Na + -nor HCO 3 --dependent, as they were unchanged in nominally CO 2 / HCO 3 --free, HEPES-buffered, as well as in Na + -free saline.
Membrane potential-dependent buffer capacity
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Upon addition of 5% CO 2 /10 mM HCO 3 -, there was a small intracellular acidification and a prominent outward current, indicative for the diffusion of CO 2 into the cell and activation of NBCe1 in the inwardly directed mode, respectively. In the presence of CO 2 /HCO 3 -, lactate now produced smaller intracellular acidifications, but large outward currents, due to NBCe1 activity (7) . Following removal of external Na + , the cytosol acidified by more than 100 nM H + , accompanied by a transient inward current, indicative for the reversed, outwardly directed, transport mode of the NBCe1. The lactate-induced acidifications became larger as compared to those in the presence of external Na + , while the currents were suppressed. The results show that lactate transport via MCT1 is accompanied by a larger change in H + i in the absence of Na + in NBCe1+MCT1-expressing oocytes by a factor of 3.5 and 3.0 for 3 and 10 mM lactate, respectively, but not in oocytes expressing MCT1 alone (Fig. 4 B) . The membrane current induced by the addition and removal of 3 and 10 mM lactate was reduced to 28% and 23% for the outward current (inwardly directed mode of NBCe1), and to 13% and 9% for the inward current (outwardly directed mode of NBCe1). This Na + -dependence in CO 2 /HCO 3 --buffered saline indicates that the current is largely due to NBCe1 activity (Fig. 4 C; see also (7)).
Lactate produced small membrane currents in the nominal absence of CO 2 /HCO 3 -, which were suppressed after Na + removal, suggesting that these currents were due to NBCe1 activity present in the nominal absence of CO 2 /HCO 3 -, which still contain a few hundred µM HCO 3 -(see also (7)). The rise of H + i induced by lactate due to H + -lactate co-transport via MCT1 was presumably reduced due to the intracellular acidification, and due to the increased
buffering capacity in the presence of CO 2 /HCO 3 -.
The H + i rise as evoked by 3 mM lactate was compared when holding the oocyte membrane potential at -40 mV and at -80 mV for NBCe1+MCT1-expressing oocytes, and for oocytes expressing MCT1 alone (Fig. 5 A) . While the rise in H + was similar for MCT1-expressing oocytes at the two voltages, it was significantly smaller at -80 mV for the NBCe1+MCT1-expressing oocytes. Similarly, the HCO 3 -concentration, as calculated from the HendersonHasselbalch equation, was also significantly larger in NBCe1+MCT1-expressing oocytes at -40 mV, being 15 ±0.7 mM, than at -80 mV, being 9.9 ±0.5 mM (p<0.001; n=7-9; Fig. 5 B) , reflecting the voltage dependence of the NBCe1 activity. In contrast, similar HCO 3 -concentrations were determined in MCT1-expressing oocytes at -40 and -80 mV, being 8.2 ±0.7 mM and 8.6 ±0.2 mM (n=5, 6), respectively.
When the total buffer capacity was determined for the three different types of oocytes, only the buffer capacity of oocytes (co-)expressing the NBCe1 displayed a voltage-dependence, which was 42% larger at -40 mV than at -80 mV in NBCe1+MCT1-expressing oocytes (Fig.   5 C) . This corresponds to the increase of ß T by 35% in oocytes expressing NBCe1 alone at these potentials (see Fig. 3 A) . Oocytes expressing MCT1 alone or H 2 O-injected control oocytes had a buffer capacity of between 27 and 36 mM (Fig. 5 C) , and were similar at -40
and -80 mV, respectively. Using the total buffer capacity to calculate the rate of acid/base flux, J A/B , as induced by 3 mM lactate, revealed that the transport activity of the MCT1 was
more than doubled at -40 mV when the NBCe1 was co-expressed (Fig. 5 D) , rising from 0.8 ±0.1 mM/min in MCT1-expressing oocytes to 1.9 ±0.2 mM/min in NBCe1+MCT1-expressing oocytes. In contrast, lactate transport was significantly smaller in NBCe1+MCT1-expressing oocytes at -80 mV, being 0.3 ±0.1 mM/min as compared to 0.8 ±0.1 mM in oocytes expressing MCT1 alone. At -80 mV, where the inwardly directed NBCe1 is reversed by the steep electrical gradient, the NBCe1 appears to counteract uptake of lactate, and would rather support efflux of lactate via MCT1. However, the values for the flux rate as determined in NBCe1+MCT1-expressing oocytes may be underestimated due to some conversion of HCO 3 -transported into the cell by the NBCe1 to CO 2 , which could leave the cell 'silently', and would hence be missed by the pH sensor (see also Discussion).
Discussion
The results of the present study clearly show that expression of NBCe1 adds apparent buffer capacity to the cytosol, which is voltage-dependent, presumably due to electrogenic nature of the NBCe1. The NBCe1 co-transports 1 Na + and 2 3, 15) . In oocytes held at -40 mV, the reversal potential of the NBCe1 was -56 mV (7) . Thus, at a potential more positive
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to the reversal potential, the NBCe1 transports Na + and HCO 3 -into the cell, and hence adds 'apparent' buffer capacity, while at a potential more negative to the reversal potential, the NBCe1 extrudes Na + and HCO 3 -, and removes base equivalents, and hence cytosolic buffer capacity. This is concluded from comparing the NBCe1 activity and buffer capacity at -40 mV and -80 mV.
In most physiological experiments using intracellular pH sensors, the total cell capacity for muffling H + is measured (1), which includes the instantaneous, chemical, H + buffering, due to binding and release of H + by intracellular molecules, and the dampening of pH changes contributed by fast acid/base transport across the cell membrane. Among other factors, the determination of the buffer capacity therefore depends on the speed and sensitivity of the method sensing H + i , and on the capacity and velocity of the acid/base transport. The voltage dependence of the total buffer capacity indicated that a 10 mV depolarisation activated the NBCe1 to increase the buffer capacity by up to 7 mM. The relationship between buffer capacity and membrane potential was linear over the potential range between -100 mV and -20 mV. The HCO 3 -concentration in NBCe1+MCT1-expressing oocytes was 52% larger at -40 mV than at -80 mV, which also results from the activity of the NBCe1. If the CO 2 -dependent buffer capacity, as derived from the HCO 3 -concentration (see Methods), is compared with the measured total buffer capacity, a discrepancy becomes evident: while the total buffer capacity increased by about 27 mM between -80 and -40 mV, the increase in The electroneutral lactate transport via MCT1 became membrane potential-dependent, when the MCT1 was co-expressed with NBCe1. We have shown in a previous study that this coexpression facilitates lactate transport, presumably due to the increased buffer capacity in the presence of NBCe1 expression (7). Our present results support this conclusion, and show that lactate transport was enhanced at a more depolarized membrane, when NBCe1 adds apparent buffer capacity, and was reduced at a more negative membrane potential, where the activity of the NBCe1 is directed opposite to that of the MCT1 during lactate uptake. It is the NBCe1 activity that changes as a function of membrane voltage, while the MCT1 activity follows that of NBCe1; we have no evidence that MCT1 itself becomes electrogenic following co- could be a membrane hyperpolarization, due to activation of a K + conductance or electrogenic transporters, such as e.g. the Na + -K + -ATPase, or an increase in the intracellular Na + concentration due to Na + -dependent uptake of neurotransmitters, such as glutamate or GABA (17, 18) . Activity of glutamatergic neurons, which could initiate these processes, might thus lead to a net efflux of Na + and lactate from glial cells (19) , linking the uptake of glutamate by glial cells with the transfer of energetic compounds, such as lactate or pyruvate from glial cells to neurons (20, 21) . + Na -Na + Na -Na 
